and laser wakefield (LWF) particle acceleration. [5] [6] [7] [8] However, this method requires multiple shots to construct time-resolved images of the interaction. This aspect is especially critical for the study of the dynamics of electron plasma waves, which is a key phenomenon in LWF particle acceleration, and where terawatt laser pulses are needed. Unfortunately, the pulse-to-pulse stability available from the laser systems currently used to generate such high intensities is not sufficient to obtain repeatable conditions and to reconstruct the complete time history with multiple shots. Recently, singleshot SI with chirped pulses was proposed for solving this problem. 9 By using a linearly chirped pulse as a probe, rapid temporal changes in phase and amplitude of the probe pulse are encoded at the corresponding temporal frequency. By measuring the fringe shift and intensity change in the spectrum, the perturbed phase and amplitude in the electric field of the probe pulse can be decoded. 9 However, in this method the time resolution is limited not only by the bandwidth but also by chirp of the probe pulse. 10 As was performed in Ref. 11, Fourier analysis is required for retrieving transient phase and amplitude with high temporal resolution. In chirped-pulse SI the perturbed phase and amplitude must be retrieved from the full spectrum, while in standard SI they can be estimated with only a part of the spectrum, since the perturbed phase and amplitude are encoded uniformly in the spectrum. Therefore a higher signal-to-noise ratio can be obtained than with chirped pulse SI. Moreover, to estimate the 2D relative phase distribution, multiple shots are necessary for sweeping the observation slit of the spectrometer to cover the whole objective phase. The 2D distribution of the relative phase provides more information than in the 1D case. For example, 2D instability of the electron plasma wave is thought to affect the electron acceleration in the LWF. 12 Moreover, the 2D feature is pertinent for observing the LWF in combination with beam shaping techniques 7 and is of particular interest in the cavitation regime for probing the so-called bubble region. 13 In this Letter we present a single-shot 2D plasma measurement technique based on standard SI. A high visibility of interference was successfully obtained with a commercial narrowband filter. The probe pulse was spectrally broadened by a hollow fiber filled with Ar gas and then recompressed to its near transform limit by a pair of chirped mirrors, setting a constant phase over the frequency domain. The probe pulse is then split in two, and both probe pulses are temporally separated, so as to obtain interference in the frequency domain. The probe beam is then imaged through a narrowband filter onto a CCD, which records the 2D relative phase shift between both probe pulses with a single shot at each probing time.
Here the principle of this method is explained. Let us consider two identical pulses temporally separated by . The electric field of each pulse E 1 ͑t͒, E 2 ͑t͒ is expressed by
Here ⑀͑t͒ is the slowly varying function of the electric field, 0 the central frequency, and ⌬ the relative phase shift between these two pulses. After passing through a narrowband filter, which works as a window function W͑͒, the temporal electric field EЈ͑t͒ is expressed by
where F and F −1 represent Fourier and inverse Fourier transformation operators, respectively. At the detector after the narrowband filter, the detected intensity is given by I = ͉͐EЈ͑t͉͒ 2 dt. If the envelope of both pulses and the window function of the narrowband filter are assumed to be Gaussian,
where ⌬t is pulse duration, the detected intensity becomes
This equation shows that both probe pulses can interfere in the time domain through the use of a narrowband filter having a bandwidth ⌬ Ӷ 1/. The exponential factor in the second term in relation (3) approximates to 1, yielding a visibility of ϳ100%. In the experiment, is fixed such that cos͑ 0 ͒ = −1, which means that a completely dark image is obtained when no relative phase shift is induced (i.e., when no plasma is generated). Plasma regions inducing a finite ⌬ will then appear as bright regions in the 2D interference image. Therefore the obtained image corresponds to a 2D distribution of the relative phase shift between both probe pulses. The time evolution of the relative phase shift is obtained by adjusting the delay between the pump pulse and these two probe pulses.
The experiment was performed with an OPCPATi:sapphire hybrid laser system, 14 which delivers 10 Hz, 50 fs pulses at an 800 nm wavelength. The laser pulse was divided into pump and probe pulses with a beam splitter consisting of a high-reflection mirror with a small hole at the center. The reflected pulse was used as the pump pulse, and the pulse transmitted through the hole was the probe. The experimental setup is shown in Fig. 1 . The pump energy was 150 mJ, and it was focused on a supersonic He gas jet with an f / 4.6 off-axis parabolic mirror (OAP). The spot size of the pump pulse at the focal plane was measured to be 7.3 m ϫ 8.3 m FWHM in intensity. The orifice diameter of the gas jet nozzle was 2 mm, and the average atomic number density was 8.8ϫ 10 17 cm −3 . To obtain sufficient temporal resolution, we injected the probe pulse into an Arfilled hollow fiber where spectral broadening was induced by self-phase modulation. 15 The bandwidth of the output pulse from the hollow fiber was 100 nm with 100 J in energy. The output pulse was compressed with a pair of chirped mirrors with a negative group-velocity dispersion of −35 fs 2 per reflection. After 32 bounces set to compensate for material dispersion in the setup, the pulse width was measured by single-shot autocorrelation to be 14 fs FWHM in intensity. This pulse was sent to a Michelson interferometer to generate two collinear probe pulses with adequate temporal separation. The time delay between the probe pulses and the pump pulse was adjusted by a delay line set after the Michelson interferometer, as shown in Fig. 1 . The polarization direction of the probe pulses was rotated by 90°from that of the pump pulse. Probe pulses were focused inside the gas jet with an f / 410 lens, and a polarizer was inserted before the CCD to avoid stray light from the pump pulse. Moreover, the injecting direction of the probe beam was tilted by 7°with respect to the pump pulse. This tilt caused the image to be asymmetric in the horizontal direction. Work is under way to demonstrate that the principle can be applied to the collinear geometry. The focal point of the pump pulse was imaged on the CCD with an f / 6 lens. The spatial resolution was ϳ5 m with a magnification factor of 15. A commercial narrowband filter with a 2.5 nm spectral width centered at 800 nm was put in front of the CCD to obtain the spectral interference.
The experimental results are presented in Fig. 2 . The image in Fig. 2(a) was obtained when both probe pulses were earlier than the pump pulse. The relative phase shift between the two probe pulses is then spatially uniform. The images of Figs. 2(b) and 2(c) were obtained when the first probe pulse propagated in the gas while the second one propagated in the plasma produced by the pump pulse. These 2D images correspond to the spatial distributions of the relative phase shift induced on the second probe pulse by the plasma at an interval of 13.3 fs. An expansion of the plasma region can be observed during this interval. Afterward, the observed images were similar to that in Fig. 2(c) until both probe pulses propagated in the plasma [ Fig. 2(d) ]. In comparison with the image of Fig. 2(c) , the signal level of the image of Fig. 2(d) drastically decreased. The residual relative phase shift in Fig. 2(d) is thought to be caused by the electron plasma wave excited by the pump pulse, although the temporal reconstruction of the electron plasma wave could not be obtained because of the stability of the laser. The solid curve in Fig. 3 shows the spatial intensity profile along the line A -AЈ in Fig. 2(c) . There are three regions that correspond to different charge state populations in the plasma. At 50 m Ͻ ͉y͉ Ͻ 90 m, the intensity is lower than the ionization threshold of He 2+ , and the phase shift is attributed to singly ionized He only. At 15 m Ͻ ͉y͉ Ͻ 50 m, the pump intensity is high enough to produce He 2+ in addition to He + . At ͉y͉ Ͻ 15 m, He was predominantly doubly ionized over the whole region.
Theoretical calculations were performed and compared with the experimental results. The plasma distribution produced by the pump pulse was estimated by using the barrier-suppression ionization model. 16 ⌬ was calculated by integrating the plasma distribution along the propagation direction of the probe pulse, and it was then substituted into Eq. (3). The dashed curve in Fig. 3 shows the calculated profile, which is consistent with the experimental result. The inhomogeneous distribution of ionized He atoms results in points of discontinuity separating the three regions, also visible in the experimental profile.
In conclusion, we developed a single-shot 2D spatially resolved SI technique with a narrowband filter. The temporal resolution was improved from previous studies by the combination of spectral broadening with Ar-filled hollow fiber and dispersion compensation with chirped mirrors. This method provides a direct, single-shot, time-resolved measurement of 2D phase distribution in laser-produced plasmas and is well suited for the observation of ultrafast phenomena, in particular as a diagnostic for LWF acceleration.
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